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1982.-The potassium-sparing diuretic amiloride has proven to be a useful pharmacological tool for elucidating the molecular basis and physiological regula*Llon of facilitated sodium entry in tissues and cells. There are two general classes of Na' transport mechanisms which are sensitive to this drug: 1) a conductive Na"' entry pathway found in electrically high resistance epithelia and 2) a Na'-H" electroneutral exchange system found in certain leaky epithelia such as the renal proximal tubule. This latter system is also found in many different cellular preparations and seems to function in cell proliferation and differentiation, volume regulation, and intracellular pH regulation. In these cells, this exchange pathway becomes operational usually after some external stimuli. Much higher concentrations of amiloride are required to inhibit the exchange pathway than those required to inhibit the Na' entry pathway. This drug is the most potent and specific inhibitor of Na' entry found to date and thus affords the opportunity to be used as a label for the isolation of these transport moieties. sodium entry pathw ay; sodium-hydrogen epitheli .a1 tissu es; diu retie exchange pathway; potassium; THE DEVELOPMENT of the diuretic drug amiloride' has proven to be a boon not only to the clinician concerned with proper drug therapy during management of the edematous condition but also to the cell physiologist concerned with elucidating molecular mechanisms of Na' translocation across membranes. Furthermore, this drug is proving to be extremely useful for defining the physiological regulation of such transport systems. Amiloride is a very potent and specific inhibitor of sodium transport in a wide variety of cellular and epithelial transport systems spanning the entirety of the animal kingdom. Table I presents a compilation of many (but certainly not all) of the different transport systems in which amiloride has been used. The variety of species and tissues in which the drug inhibits sodium influx indicates the ubiquity and similarity in the molec ular aspec ts of this permeation mechanism. In all of the biol ogical Prep arations thus far studied, amiloride acts reversibly and rapidly. Amiloride-sensitive transport processes can be divided roughly into two main groups, those in which the apparent equilibrium dissociation constant K1 (defined as the concentration of amildride required to produce 50% inhibition of either Na+ transport or some other Na' --dependent ph&iological parameter) is less than 1 PM and those h .aving a KI gre ater than th is value. These ' groups appear to possess different Na' transport mechanisms, either a conductive Na' entry mechanism (high amiloride affinity) or a Na'-H' exchange process (low amiloride affinity). There are two other amiloride-inhibitable transport pathways that have been described in the literature, a cation-selective, tight junctional conductive pathway in frog gallbladder (8) and a bicarbonate transport system in rabbit cortical collecting ducts (67).
In this review, I will summarize some of the main properties concerning amiloride's mode of action as an inhibitor of facilitated Na' entry and Na'-H' exchange. I begin by discussing the molecule's clinical usage and chemistry. Next the use of amiloride as a pharmacological probe for Na' transport mechanisms in epithelia and as a tool for investigating the role of Na'-H' exchange in a number of different physiological processes such as fertilization and acid-base regulation, cellular volume regulation, hormonal modulation, and growth and differentiation will be discussed. Throughout this review, whenever possible, I will correlate the molecular actions of amiloride with its clinical activity. Finally, I will conclude with a prospectus for future experimentation. Only one other compendium that deals with some of' the topics treated here has been published (31).
Clinical Studies
The observation by Bickling et al. (19) both natriuretic activity and antikaliuresis in experimental animals led to the synthesis of amiloride (41). This drug either alone or in combination with hydrochlorothiazide has undergone numerous clinical trials (6,42, 78, 83). Oral administration of amiloride results in a moderate increase in urine output and Naf and HCO: excretion and a decrease in K' excretion. Its use as a diuretic, therefore, is indicated in diseases such as hypertension, congestive heart failure, and cirrhosis of the liver in which reduction of extracellular fluid volume is sought. Its advantage over more potent agents such as furosemide and ethacrynic acid lies in its ability to prevent serum potassium levels from falling during chronic treatment, although an acute risk of hyperkalemia may result in diabetics (70), in patients with severe renal failure (88), and in older patients (48). Dose-response studies in patients have indicated that 5 mg/day is the minimum dose that will produce effective potassium retention with increased Na' and water excretion. When given orally in a single dose of 20 mg, amiloride has a biological half-life of 9.6 kl.8 h in humans (89) V Its action commences approximately 2 h after administration of a single oral dose. Peak activity occurs within 4-8 h.
Amiloride acts at the distal convoluted tubule and collecting duct of the nephron to produce its diuretic effect. With increased urjnary output, there is a concomitant increase in chloride excretion. Amiloride also increases urinary pH (increased bicarbonate ion excretion). However, these drug-induced excretory patterns do not produce any major shifts in serum electrolytes, nor has metabolic acidosis ever resulted. Amiloride, when used alone, consistently reduces systolic and diastolic blood pressure. Amiloride is not metabolized in the mammal and is eliminated unchanged in the urine. Amiloride has been used as a therapeutic agent in Europe and South America for several years; approval for its clinical use in the United States was granted in October, 1981.
Drug Chemistry
Amiloride consists of a substituted pyrazine ring with an acylguanidine group attached to ring position 2 ( Fig.   1 ). Because of the guanidinium moiety, amiloride is a weak base, Its pK, in a 30% ethanol-water solution of zero ionic strength is 8.7 (91). There are amino groups located at the 3 and 5 ring positions and a -Cl is attached at position 6. Protonation of amiloride occurs on the guanidine group and not on the ring amino groups (which are, in fact, acidic be achieved is about 16 mM, Amiloride is a highly fluorescent molecule; it absorbs ultraviolet light at 215, 288, and 360 nm and emits at 420 nm. One interesting and important feature of the conformationally mobile acylguanidine group is that it appears to be stabilized in a planar configuration with respect to the ring via intramolecular hydrogen bonding (91). Inclusion of substituents that in any way disrupt this pattern of hydrogen bonding results in diminution of biological activity (see below), All of the hydrogen atoms on the molecule are freely exchangeable with water.
Am&ride as a Sodium Transport Inhibitor in Epithelial Tissues
General. Eigler et al. (38) first showed that amiloride reversibly inhibited sodium transport across in vitro epithelial tissue preparations. Since then many laboratories have corroborated and extended these original findings (e.g., Table 1 ). Throughout most of the last decade, it was generally accepted that amiloride only worked in the so-called electrically tight (high-resistance) sodium transporting epithelia. Recently this thesis has been challenged (3, 8, 31, 49). In fact, amiloride can block transepithelial Na' movement in leaky epithelia, either via the paracellular shunt pathway (8) or Na'-H' exchange (51). The physiological relevance of this latter action on urinary acidification is dubious, as such high concentrations of amiloride are required. Nevertheless, the implied chemical homology of structural elements contained in different transport pathways suggests exciting possibilities concerning the ultimate understanding of the molecular mechanisms of Na' permeability and selectivity.
Transepithelial movement of Na' across epithelia is thought to occur via a two-step process, an initial entry from the outside bathing solution into the transport compartment followed by an active extrusion into the serosal bathing solution, This idea was first proposed by Koefoed-Johnson and Ussing in 1958 (55) and is still the model most frequently used when interpreting experimental data. An excellent comprehensive review article dealing with Na' transport across epithelial tissues has recently appeared and should be consulted for details and references (63). Sodium entry through the outer (or apical) border is thought to occur passively, i.e., it is driven by its existing electrochemical potential gradient. This seems to be true even under conditions in which the external sodium concentration is low (31, 45, 71). There is also a parallel, presumably extracellular, pathway for Na' movements; this comprises only 5-10s of the total unidirectional Na' influx under normal conditions. In in vitro frog skin and toad bladder preparations, the shortcircuit current (Isc) has been shown to be identical to the rate of net Na+ influx under many different experimental conditions (63). Further because the entry of Na' across the apical membrane is rate limiting for net transport (45, 66), changes in Is, by addition of amiloride to the outer bathing solution primarily reflect events occurring at this membrane?
Although this Na' entry step is passive, it is nonetheless facilitated. There must be some specific membrane pathway for Na' to enter the cells from the external solution. This statement is based on two observations, first, the steady-state Na' influx is not a linear function of external Na' concentration but displays saturation kinetics and, second, both lithium and potassium can competitively inhibit this Na' influx [K* is impermeant from the outside (12)]. Additional evidence supporting the idea that the first step of transepithelial sodium translocation involves a specific component of the outer membrane comes from studies with amiloride. By virtue of the fact that amiloride works fast and only from the outside, it is thought that this drug acts by preventing sodium entry across the outside border rather than by a direct inhibition of the energy-requiring active transport step. This compound does not inhibit the enzymatic activity of carbonic anhydrase or the ouabain-sensitive Na'-K'-ATPase (7, 53). There is, however, some evidence suggesting that amiloride can affect glucose metabolism by shifting glucose oxidation more into the phosphogluconate pathway (9).
Certain other facts relevant to the mechanism of action of amiloride have been uncovered, The protonated (positively charged) form of amiloride is the biologically active form (14). The inhibition of Isc produced by a constant concentration of amiloride is progressively diminished as pH is increased; at pH 11 amiloride becomes completely ineffective. The excellent correlation between the experimental measurements of percent inhibition vs. pH and the calculated degree of ionization of a weak base with a pK, of 9.4 indicates that the biologically active form of amiloride is the protonated moiety. The discrepancy between this pK, value and the measured value of 8.7 can be explained in several ways. First, the p& of a weak base is usually lower in a solution of lower dielectric constant (30% wt/vol ethanol vs. pure water). Increases in solution ionic strength also increase the pK, of a base. Also, due to acidification by the tissue, the pH in the neighborhood of the amiloride binding site may differ from the bulk solution PH. Cuthbert (27) first reported that for frog skin the & of amiloride was independent of pH in the range 5-8. At pH values above and below this range, the KI increased (or the "affinity" of the receptor site for amiloride decreased). At the more alkaline pH values, the falloff in apparent affinity corresponded to a decrease in the concentration of ionized amiloride, in agreement with the results just discussed. The decrease in apparent affinity of amiloride at pH values less than 5 was explained as resulting from a competition between amiloride and protons for binding sites with a negative group with a p& of around 5, Because the apparent pK of the Isc vs, external pH curve is also around 5, Cuthbert (27) drew the conclusion that amiloride binds to a selectivity filter that is in front of and controls access to the actual Na"-translocation mechanism. This means that amiloride should inhibit Na' entry by directly competing with Na' for binding at sites located at the mouth of the transport moiety.
The type of inhibition produced by a substance indicates its molecular mechanism of action. Noncompetitive inhibitors are not mutually exclusive with respect to the substrate, e.g., the inhibitor interacts at a site sufficiently far removed from the substrate binding site so that the enzyme (or Na' entry r protein) can bind both inhibitor and substrate simultaneously. Conversely, the binding of with sodium in a number of epithelia, namely, the skin of R. temporaria and R. esculenta, the toad urinary bladder, and the hen coprodaeum. On this basis, he proposed that amiloride inhibits Na' entry in a m#:nner similar to the axonal Na'-channel blocker tetrodotoxin, namely, by binding to an ion-selectivity filter, thereby plugging the Na' channel.
The data just summarized indicate that a species difference does exist regarding the amiloride-Na' entry-site interaction in amphibian skin. Sufficient species diversity may exist to allow amiloride to block Na' transport either as Cuthbert (27) describes, i.e., by plugging the "Na' channel," or by interacting at a region spatially separated from the Na' entry site. Alternatively, amiloride may bind in all of these epithelia not at the mouth of the Na' channel but at a separate locus on this Na' translocation moiety, perhaps to a modifier site. The kinetic differences observed between the various epithelial preparations may then be attributed to variations in the chemical properties of this modifier site. Competitive inhibition would be observed if amiloride and Na' interacted at the modifier site to exclude each other, whereas noncompetitive inhibition would be obtained if Na' did not affect amiloride binding at this site. In those systems displaying mixed-type inhibition kinetics, there would be some interaction between these sites. Even the results obtained in R. catesbeiana and R. pi'ens skin show that the interaction between amiloride and Na' contains elements of competitive-typg behavior, i.e., the potency of amiloride was increased at [Na'] below 75 mM when compared with [Na'] = 110 mM. However, this enhancement of inhibitory ability with decreasing sodium was evident only to 75 mM Na', a concentration still on the saturating region of the Lc vs. [Na'] curve. The degree of competition at this modifier site may well vary from preparation to preparation: differences in the structural components of the amiloride binding site may mediate this property. Recently, Gottlieb et al. (43) reported that p-chloromercuribenzene sulfonate ( pCMBS), a sulfhydry1 group specific mercaptide bond reagent, increases Iqc of isolated rabbit colon in addition to decreasing the effectiveness of amiloride. In this preparation, pCMBS can even reverse the inhibition of rsc produced by amiloride. In contrast, similar experiments performed in our laboratory on R. catesbeiana skin show that amiloride is equally effective in inhibiting IsC in the presence or absence ofpCMBS.
We have also shown that skins obtained from different amphibian species respond quite differently when exposed to other chemical site-specific modifying reagents (13).
Il. J. BENOS
To acquire knowledge concerning the stoichiometry of the amiloride-receptor site interaction from sigmoidally shaped kinetic data, it is convenient to arrange the Michaelis-Menten equation for noncompetitive inhibition into a Hill-type equation (12, 84). The slope of such a plot yields n, the Hill coefficient. Cuthbert (see Ref. 12) reported that the slopes of the Hill inhibition plots for toad bladder and R. temporaria skin were 0.96 and 1.22, respectively* These observations have been used to substantiate the assumption of a 1:l stoicbiometry employed in the calculation of the number of Na+ entry sites and, subsequently, turnover numbers from [ 14C]amiloride binding studies.
Figure 2 presents typical dose-response curves for amiloride inhibition of II,, in frog skin epithelium (A) and the associated Hill inhibitory plot computed from these data (B). The slope of the regression line fitted to these experimental points in the Hill plot ( Fig. 2B ) was 0.82 -t 0.05, a value significantly less than 1. We have also found that at different Na' concentrations and for three different species of anuran skin epithelia, the value of n for the amiloride-receptor site interaction was significantly less than I (12). A value of n below 1 is a sign of negative cooperativity among the receptor sites; i.e., the binding of amiloride at one entry site appears to decrease the affinity of adjacent sites. This may mean that more than one amiloride molecule may bind with each receptor site and/or receptor sites may be very close to each other either by clustering of proteins or by having more than one Na' entry site per transport protein such that molecular interactions between sites can occur. These values for n obtained with amiloride should be contrasted with the value of n = I calculated for the inhibition of I,(. elicited by 2,4,6-triaminopyrimidine (TAP)". A value of n less than I provides no indication about the actual coupled with the lack of knowledge concerning the contribution of apical membrane potential changes during these experiments, render these data subject to error. The determination of the actual number of amiloride binding sites per NaQranslocation unit must await further experimentation, preferably equilibrium binding studies on the isolated receptor protein.
I favor the hypothesis that amiloride and Na' interact at separate loci on the apical entry mechanism in these epithelial preparations for the following reasons, 1) Experiments have been performed in which the interaction between external potassium and guanidine (both pure competitive inhibitors of Na' entry) and amiloride was studied in the skins of R. temporaria and R, catesbeiuna (Reyes and Benos, unpublished data). If amiloride and external K+ or guanidine were competing with Na+ for binding at the same site in R. temporaria, competition between K+ or guanidine and amiloride would be expected. However, both K+ and guanidine were found not to interact competitively with amiloride in either system. 2) The implications of a Hill coefficient less than 1 are such that it is easier to conceptualize negative cooperativity and/or multiple binding sites for amiloridebat modifier sites rather than at the mouth of the channel. Of course, one possibility that cannot be excluded is that the mouth of the channel may be one of the amiloride binding sites. 3) This is the most general and parsimonious model, and it can account more easily for variabil-Cl36 DJ.BElNOS ities among species, whereas the plugging or cork model cannot.
Nevertheless, deviations from simple kinetics were observed, especially at high amiloride and low Na' concentrations. These results indicate that the actual interaction between amiloride and the Na+-entry site is complex, and simple kinetic models are only a first approximation. Numerous kinetic models with varying degrees of complexity could be devised to account for these deviations. For example, the negative cooperativity could cause nonlinear behavior, especially at high amiloride concentrations, because it could give the appearance of amiloride receptor sites with varying affinities. A characteristic of receptors with different affinities is curvature of single or double reciprocal kinetic plots at high inhibitor concentrations (84). Another possibility is that the Na' entry sites could exist in two populations, one amiloride sensitive and the other one not, with a constant interconversion between the two dependent on the external Na' concentration. At high external Na' all the sites could be in the amiloride-sensitive configuration, whereas at low Na+, a fraction of the sites could be in the amilorideinsensitive form. The point is that any conclusions concerning the actual molecular mechanism of amiloride inhibition of Na' entry (or for that matter any other inhibitor of a transport system) cannot be reached solely from kinetic considerations on complex tissues. Cuthbert and Wong (34) reported that the & of amiloride in R. temporaria skin was increased some 400-fold subsequent to the removal of external calcium. The authors suggested that there is a calcium requirement for amiloride action and that amiloride and Ca"+ may form a ternary complex with the membrane site controlling Na' entry. This Ca2+ requirement for amiloride's inhibitory effect has also been demonstrated in isolated skin of R. pipiens (14) and isolated annelid integument (76).
Other divalent cations could substitute for external Ca" in promoting the amiloride inhibition of Isc. In the absence of external Ca2+, Benos et al. (14) found that I mM uranyl ion (UOZ') increased the inhibition of I,, produced by 100 FM amiloride from 65 to lOO%, whereas 1 mM magnesium increased the inhibition only to 90%. Cuthbert and Wong (34) reported that 1 mM external La"+, Mg"+, Mn"', and Sr2+ could still substitute for Ca2' in promoting the amiloride effect, There was no quantitative difference in effectiveness of all the multivalent cations used, including lanthanum.
Other experiments (12, 52) have kchallenged the hypothesis that some divalent or trivalent cation (or high [H']) must be present ftir amiloride to be completely effective in inhibiting net Na' transport. External Ca'+ does not affect the inhibitory action of amiloride at all, at least in bullfrog (R. catesbeiana) skin. Thus it may be concluded that Ca'+ need not complex with amiloride to enhance the latter's ability to inhibit Is+ Because Ca2+ can itself inhibit Isc in this preparation and because this effect is independent of amiloride binding, Ca"' and amiloride must be interacting at separate regions of the putative entry mechanism. Surface charge effects. Other suggestions of how amiloride may work have been advanced. Singer (87) has shown that amiloride is capable of altering the zeta potential of liposomes and further suggested that the action of this compound may be mediated through this effect. However, we have found that the surface potential of planar lipid bilayers made from sheep erythrocyte lipids or phosphoethanolamine monolayers is altered to the same extent by amiloride and two amiloride analogues that do not affect Na' transport across epithelia (14). Therefore, although amiloride can alter surface potential (about 20 mV at 100 PM amiloride), this actionappears to be a general property of this group of compounds, regardless of their effect on Isc. The inhibition of Isc by amiloride, then, cannot be attributed to surface charge effects, but it appears that amiloride specifically interacts with membrane components directly involved in the translocation of sodium across the apical membrane of frog skin. These transport components are presumably proteins.
The ability of amiloride to induce a positive change in surface potential may be the explanation for its reported stimulatory ability on anion transport of isolated turtle bladders (37). These authors also reported a similar increase in anion flux after mucosal addition of other guanidinium-containing compounds. The authors interpret their results in terms of the involvement of specific membrane ligands located on the anion transport mechanism(s) that bind these compounds. An alternative explanation is that the induction of a positive surface potential change may be sufficient to increase the anion concentration in the vicinity of the transport mechanism to account for the observed increase in current. Experiments have not been performed to evaluate this hypothesis.
Anion
transport.
Only three other reports concerning the effects of amiloride on anion transport have appeared in the literature. Erlij (37) reported that 100 PM amiloride had no effect on either the unidirectional Cl-influx or efflux across short-circuited skins of R. esculenta bathed in 2 mM NaCl Ringer solution, Candia (32), on the other hand, found that 100 PM amiloride, while completely blocking net Na" transport across the skin of R. pipiens, also reduced the unidirectional Cl-fluxes by about 45%.
He suggests, however, that that inhibition of Cl-transport is probably due not to amiloride specifically inhibiting a Cl-translocation mechanism but rather to amiloride altering the elec trochemical potential of the intracellular compartment. His main e vidence is that a similar reduction in Cl-fluxes was observed subsequent to the removal of external Na'. Furthermore, the application of amiloride or the removal of external Na' is known to increase intracellular negativity with respect to the outer bathing solution (45). total CO2 transport by 55%. It is unlikely that the action of amiloride on Na' transport in this tubular segment could account for this action on bicarbonate absorption, as removal of tubular Na' had no effect on HCO? transport. The effect of amiloride onHC03 reabsorption cannot therefore be attributed to luminal membrane hyperpolarization or reduction of transepithelial potential. The mechanism of this effect is unknown.
Although this action on HCO; transport is consistent with amiloride's effect on urinary pH clinically (5), it is still unlikely that it plays a major role due to the very high concentrations necessary to inhibit this transport system. The renal tubular luminal concentration of amiloride after conventional dosages (5 mg) has been estimated to be 3-20 PM in which the influence of another amino group-specific reagent, 2-methoxy&nitropone, was tested on Is,, and amiloride efficacy (Benos, unpublished data). This compound, although not affecting Is,, produced a significant leftward displacement of the amiloride dose-response curve, The carboxyl reagents N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ), trimethyloxonium tetrafluorobate (TMO), and three separate carbodiimides were without effect on Isc or amiloride inhibition. Methylene blue, a molecule that interacts with both carboxyl and hydroxyl groups, inhibited Isc by 20% and decreased amiloride's ability to inhibit rsc. Because of the time course of methylene blue's action and because of methylene blue's finite membrane permeability, it is likely that its effects are produced from the cytoplasmic side of the membrane. All of these results taken together support the hypothesis that amiloride and Na' interact with the entry protein at different regions on the membrane. hibitory activity, using a scoring system from 0 (ineffective, even at very high concentrations) to +4 (very effective, i.e., less than 10 pg/130 g rat). The pattern of electrolyte excretions produced by these pyrazine diuretics (i.e., increase in Na' excretion with little change in K' excretion) is the reverse of that produced by the mineralocorticoids (aldosterone and DOCA). In these studies, the compounds were examined for activity by noting a rise in the urinary Na+-K' ratio over that obtained with DOCA alone. The dose of each compound that produced a 50% reversal of the DOCA effect was determined and assigned an appropriate score from 0 to 4. Amiloride itself scores +4 on this scale. In the isolated frog skin, the assay consisted of measuring the compound's ability to inhibit Isc relative to amiloride. For convenience, Table 2 compares and contrasts overlapping analogue data obtained on all of the systems just discussed. The results have been recalculated as "percent effectiveness with respect to amiloride."
According to the results of Cragoe and collaborators (26), the acylguanidine moiety is that portion of the amiloride molecule that is the least sensitive to molecular alteration. Thus substituted benzyl groups could be attached to the terminal amine of the guanidine side chain with complete retention of activity. In fact, benzamil is such a compound and has approximately 10 to 20 times the potency of the parent amiloride in a number of tissues 28) . Incorporation of an additional NH group into the side chain to give a carboxamidoguanidine derivative also results in complete retention of activity. It was also found that a halogen atom in the 6 position is required for diuretic activity.
The bromo and iodo analogues are somewhat less active than amiloride. Either one or both of the hydrogen atoms of the 5-amino group could be replaced with various hydrocarbon residues (up to 4 carbon atoms) with little diminution of activity. With regard to the pyrazine ring position-3 amino group, any substitution that reduces the ability of this group to internally hydrogen bond with the carboxyl oxygen in the acylguanidinium moiety (e.g., substitution with -SH or -CH) causes loss of activity (31). Amiloride, as discussed earlier, exists as a planar structure in aqueous solution, largely due to its propensity for internal hydrogen bonding. Apparently, any structural modification that prohibits this molecular configuration (like 3-methyl substitution or an alteration of the guanidine group causing a rotation relative to the ring) results in a major diminution of activity.
The specificity of the interaction between amiloride and the apical Na' transport site in frog skin appears to be much more restrictive. As with the diuretic activity, addition of an NH group to the guanidine residue produces no potency change. Analogues with substituents on the 5-amino group are inactive, although the 5-dimethylamino compound stimulates transport at concentrations greater than 1 FM (60). With regard to substitution on the 6-position, activity is retained with the bromo analogue, but the iodo analogue has only approximately 50% of the activity of amiloride. The des-chloro analogue is inactive. The results of Cuthbert and Fanelli (30) are essentially similar to those of Benos et al. (14) .
Benos and Watthey (15) screened several untested amiloride analogues, examined the inhibitory pattern of a new K+-sparing diuretic, CGS 4270, and examined the kinetic interactions between amiloride and CGS 4270 and between amiloride and benzimidazole, a stimulator of Isc in the frog skin. The results of this study reaffirm the extreme specificity of the parent amiloride as an inhibitor of Is,. Acylguanidine derivatives lacking the pyrazine ring or pyrazine compounds lacking an acylguanidine group are ineffective as inhibitors. CGS 4270 also inhibits Na' entry in frog skin. It acts only from the external solution, works in the uncharged form, is noncompetitive with Na+, and does not require external Ca? Its interaction is also noncompetitive with amiloride, indicating that the amiloride and CGS 4270 inhibitory sites are different. The fact that CGS 4270 is able to inhibit Isc in the unprotonated form (although with a higher &) indicates that hydrogen bonding ability may be at least as important as charge. CGS 4270 has a Hill coefficient of around 0.5. These data indicate that for CGS 4270 and amiloride negative cooperativity is present in their interaction with bullfrog skin, but TAP interacts with its site with little or no cooperativity.
Irreversible am&ride+* analogue. The specificity of amiloride's action has already provided important information regarding the nature of its interaction (or receptor) site, especially through the use of structural analogues, The reversibility of amiloride's action has been invaluable in these studies. For example, isotopically labeled amiloride (32, 33) [and later benzamil (2)] has been used entry sites to m estimate the absolute number of sodium the apical membrane and their turnover. However, interpretation of results obtained with this technique should be viewed with caution because of the inherent difficulties in estimating specific binding due to very large backgrounds and because of uncertainties in amiloride-receptor site stoichiometry. Additional information concerning both the functional and chemical attributes of this entry site could be obtained if an analogue of amiloride were available that would both inhibit Na+ entry and bind irreversibly to this site under suitable experimental conditions. We have previously reported that one analogue of amiloride, 6-bromoamiloride (BrA), irreversibly inhibits Na' transport across frog skin after irradiation with ultraviolet light (11). This has recently been confirmed by Cobb and Scott (24) .
Two significant problems remain in the use of a radioactive bromoamiloride molecule as a site-specific label. The first is the relatively long ultraviolet exposure period needed to accomplish the reaction in intact epithelial preparations. This, of course, increases the possibility of nonspecific binding. Short-term higher intensity illumination of the tissue may result in irreparable physiological damage to tissue proteins or, in the absence of any knowledge concerning reaction mechanism, failure of the compound to inactivate Na' entry irreversibly. With the use of apical membrane vesicles, this problem may be overcome by appropria light and flow system. te geometrical arrangement of the The second problem is the low theoretical degree of '"C activity with which this compound can be synthesized. If the radioactive label is inserted in the guanidine portion of the molecule, the maximal specific activity that can be achieved is only 54 mCi/nmol; that coupled with a relatively low site density (27, 61) makes binding studies difficult. Tritium labeling is not feasible because all H atoms are readily exchangeable with HzO.
One of the most direct and important applications of amiloride as a probe for molecular events can be found in the elegant experiments of Lindemann and Van Driessche (61, 96). These investigators have introduced the tool of fluctuation analysis to the study of epithelial Na' entry. Central to this analysis is the observation that a reversible blocker like amiloride randomly interrupts Na' flow through individual apical membrane transport units and hence induces current noise. From their work functional Na' entry site density could be estimated under a wide range of physiological conditions. Furthermore, it has become clear that this entry pathway has characteristics closely resembling a channel or pore-type mechanism. The observed amiloride-induced Lorentzian behavior of the power-density spectrum cannot be generated by a shuttle-type carrier, and the high (10' ions/s) single-channel turnover number calculated from these data also supports the channel hypothesis.
Induction of Amiloride-Sensitive Transport Systems
Sodium deprivation or excess has been shown to directly alter Na' uptake by the skin of amphibia (31, 33). R. catesbeiana skins, although maintaining a high transepithelial electrical resistance and an active Na+ transport system, are relatively insensitive to amiloride, even to I mM, whereas Na' transport across adult frog skins can be inhibited rapidly. The molecular basis for this drug insensitivity is not known For example, the difference in amiloride sensitivity between larval and adult skins of the same species may reflect differentiation of the transport moieties themselves or entirely distinct apical entry sites.
There are several other epithelia in which a response to amiloride appears with development, namely, rabbit preimplantation blastocysts (75) and postnatal pig (40) and lamb colon (31). Powers et al. (75) first noted that in rabbit embryos the transepithelial potential difference rapidly ch .anges magnitude and days after fertilization. This pot polari .ential tY l di between 6 and 7 .fference ch .anges from a mean value of -4 mV (inside negative) to +21 mV. This positive potential was found to be reversibly inhibited by amiloride (& = 3 ,uM). This work was later confirmed and extended in experiments in which the unidirectional transepithelial influxes of Na' were measured in 6-and 7-day-old blastocysts in the presence and absence of amiloride (10). Although the 22Na influx was not amiloride-sensitive in the 6-day embryo, over 70% of the tracer flux could be inhibited by 100 PM amiloride in the 7-day blastocyst.
These results are again suggestive of the synthesis or expression of new transport sites, Interestingly, a similar appearance of an amiloride-sensitive component of Na' transport across postnatal lamb and pig colon has been reported (31). In these tissues Na+ transport begins to display amiloride sensitivity between the first and second week after birth. It has been suggested that increased plasma levels of cortisol and/or aldosterone may be responsible for this activity. Although no radioimmunoassay data for plasma aldosterone exist for the rabbit during the first week of pregnancy, the uterine epithelium does secrete a specific protein (i.e., uteroglobin or blastokinin) on day 5 postcoiturn, 2 days prior to the appearance of the amiloridesensitive flux. Preliminary experiments in our laboratory indicate that if the blastocysts are removed from the mother on day 5 after fertilization and raised in culture through day 7, the unidirectional ""Na influx does not develop any amiloride sensitivity.
Amiloride-Sensitive
Na '-H' Exchange A major physiological function of many salt-absorbing epithelia is the regulation of extracellular acid-base balance. Several reports have appeared in the literature suggesting that there exists a Na'-H' exchange process sensitive to amiloride in both cellular and epithelial systems (3, 4, 49, 51). This exchange reaction has been implicated in many physiological functions, such as fertilization, intracellular pH regulation, cell volume regulation, and insulin action on glycolysis.
Differences in the molecular mechanism of acidification exist between the two general classes of transporting epithelia, the electrically leaky and tight tissues. In leaky epithelia, such as gallbladder and renal proximal tubule, evidence exists supporting the presence of an electrochemical Na'-H' countertransport system (51, 65). Inhibition of this exchange system requires much higher concentrations (at least two orders of magnitude) of amiloride than the Nd' entry sites in tight epithelia. However, in the mammalian proximal tubule some conflicting data concerning the existence of such a tightly coupled exchange system exist (see Ref. 65 for discussion and for the following references).
For example, Green and Giebisch in 1975 showed that the ratio of net Na' reabsorption to net H' secretion in the rat proximal tubule was not fixed. In 1978 Malnic and Mello-Aires showed that H' secretion could continue even in the absence of proximal Na' transport.
Burg and Green in 1977, however, demonstrated that the degree of coupling between Na' reabsorption and H' secretion was much tighter in the rabbit as opposed to the rat proximal tubule. Strong evidence in favor of Na'-H' coupling has only been reported in isolated brush-border membrane vesicles obtained from mammalian kidney cortex (51) l Further, Kinsella and Aronson (51) and Warnock and Yee (98) demonstrated that this Na+-H+ exchange system was amiloride sensitive. It would appear, therefore, that there are species as well as in vitro vs. in vivo differences with regard to the existence and degree of coupling between Na' and H' in mammalian proximal tubules.
In contrast, acidification of the external medium by tissues such as the toad or turtle urinary bladder is not dependent on the presence of Na' in the bathing medium (4). However, there does appear to be some electrical coupling between Na' and H' fluxes in the turtle bladder. pendence of the rate of acidification on external Na' and no inhibition of acidification by amiloride has ever been reported (62). However, in whole frogs or in in vitro R. esculenta skins in the open circuit and bathed in solutions of low Na' concentrations, net Na+ absorption by the skin was found to be stoichiometrically equivalent to net H+ efflux (31, 36). Furthermore, both Na' absorption and H+ secretion were inhibited by amiloride. This same behavior is seen in a number of aquatic animals, including the leech, the freshwater mussel, and the toad (31) as well as the earthworm.
As first discussed by Kirschner (see Ref. 31 ), the & of amiloride in all these aquatic organisms is 50 PM or greater and proceeds independently of ambient calcium,
In recent years many reports have appeared suggesting involvement of amiloride-sensitive flux pathways in many basic cellular physiological processes such as fertilization, volume regulation, and differentiation.
In such cellular systems, the flux pathways are activated by specific environmental conditions or molecules, sometimes in a matter of minutes, Prior to activation, these transport systems do not seem to be functional, even marginally, because amiloride is unable to inhibit any component of 22Na+ influx. In all cases thus far studied, these transport systems have a relatively low affinity for amiloride (10 PM or greater) and seem to be of the exchange or antiport variety (e.g., Na+-H+), reminiscent of the amiloride-sensitive Na'-H' or NH: exchanges found in fish gills and invertebrate integuments. I will now discuss some of the known features of these transport systems, starting with fertilization in sea urchin eggs, to be followed by intracellular pH regulation in muscle cells, volume regulation in nucleated red blood cells, and growth and differentiation in cultured fibroblasts and liver cells and murine erythroleukemic cells. Fertilization and intracellular pH regulation.
Johnson et al. (49) in 1976 demonstrated
that amiloride could inhibit a component of Na' influx shortly after fertilization in the sea urchin egg. Their experiments showed for the first time that amiloride could work in a cellular system.4 Fertilization initiates a process termed "egg activation," which can be separated into two phases. The first phase is called the cortical granule reaction whereby many vesicles lying just under the surface of the plasma membrane fuse with it and exocytose their contents. This process appears to be initiated by an increase in intracellular free calcium and occurs during the first minute after insemination.
The second phase, characterized by increased protein and DNA synthesis and increased metabolism, has an obligatory requirement for sodium during the first l-5 min after fertilization. Johnson et al. (49) argue that Na' ions enter in exchange for intracellular H', By suspending fertilized eggs in choline medium, they showed that external solution acidification was linearly dependent on added external Nat, up to 40 mM. They further showed that 100 PM amiloride completely prevented the increase in both unidirectional "'Na influx and acidification occurring during the second phase of ' activation. However, the coupling ratio between 22Na-t influx and H' efflux was not always 1. Developmental initiation, it is argued, is triggered by an increase in cytoplasmic pH, and an amiloride-sensitive Na+-H' exchange appears to mediate this response. This mechanism, however, does not seem to be a general rule, as Cuthbert and Cuthbert (29) could not measure any amiloride sensitivity of the acidification of the external medium by fertilized eggs from a different species of sea urchin.
Amiloride-sensitive . Na'-H' counter transport also seems to be the mechanism responsible for intracellular pH regulation in muscle filuers. In 1977 Aickin and Thomas (3) showed the existence of such a system in mouse soleus muscle fibers. This Na'-H' exchange works in consort with a separate Cl--HCOg antiporter to regulate internal pH. These systems operate under normal physiological conditions and hence need not be induced. The Na'-H' exchange has a temperature coefficient (Qlo) of 1.4 and is driven by the existing transmembrane Na' gradient. This is an important point because in renal brush border membrane vesicles where Na+-H+ exchange has been studied, the only way to observe a large amiloride sensitivity is to establish a pH gradient (pH,/ pHi) across the vesicle. Warnock and Yee (98), using vesicles derived from renal cortex, reported that 0,3 mM amiloride inhibited 22Na uptake by 59% under conditions of 2 mM sodium inside and outside and a pH,/pHi of 7.5/ 6.0. When pH"/pHi was held at 7.5/7.5, the 22Na uptake was reduced from 21.3 to 7.3 nmolmg protein-' s min, and 0.3 mM amiloride only inhibited this residual flux by 27%. These same systems also operate in snail neurons to regulate PHi, but amiloride does not inhibit Na' fluxes in this preparation (95). In frog skeletal muscle, insulin has been shown to increase intracellular pH (69). This action (increased pHi) has been suggested to mediate the effects of this hormone on glycolysis. High amiloride concentrations or lowered extracellular
[Na+] prevent insulin's effect on glycolysis. Again, the activation of an Na+-H+ exchange mechanism in the muscle cell membrane has been postulated, This exchange system can run backwards (i.e., H' in, Na' out) by reversing the electrochemical potential gradient for Na'; under these conditions insulin caused a decrease rather than an increase in intracellular pH. Notably, even when the exchanger was working in the reversed model, external amiloride still could inhibit it (as assessed by decreases in pH;). Contrary to the exchange process in mouse soleus muscle, this system appears to express itself only on stimulation by insulin. These experiments are difficult to interpret, because no unidirectional 22Na influx or efflux measurements were made and because changes in intracellular pH were meas- The response of most systems to cell swelling is characterized by a massive loss of EC', Cl-, and water. The response to cell shrinkage is variable in that some cells gain Na+, Cl-, and Ha0 whereas others regulate volume by gaining Nat, EC+, Cl-, and HZO. In all cases, the volume regulatory response is completed within 1-3 h. Amiloride was first shown by Siebens and Kregenow (85) to inhibit the Na' influx required for volume regulation after shrinkage in amphibian red cells. These authors showed that the amiloride effect was reversible, was competitive with Naf, had a KI of approximately 10 PM, and that Li' could substitute for external Na+. The effect of amiloride as an inhibitor of volume regulation was later confirmed by Cala (20). Amiloride is without effect on inhibiting the cell swelling after osmotic shrinkage in duck erythrocytes, in which a Na+-Kf cotransport system seems to be the process mediating the volume response.
Cala also showed by direct electrical measurement that the volume regulation fluxes are electrically silent (20). He advanced the hypothesis that the net Na+ and EC+ fluxes that occur during the volume regulatory response are obligatorily coupled to H+, whereas the net Cl-fluxes proceed in exchange for HCO:. It is the cation (either Na' or K+)-proton exchange that is susceptible to inhibition by amiloride. Cala has further presented evidence that intracellular Ca"' activates these amiloride-sensitive exchange processes (21). He argues that the same pathway may be involved in both volume regulatory increases and decreases because of the observations that if the cells are either swollen or shrunken in the presence of a high concentration of amiloride, they will neither lose K' nor gain Na'.
Amiloride-sensitiue cation transport and cellularproliferat& and differentiation.
It has long been recognized that the cell membrane plays a crucial role in activating quiescent mammalian cells or cells in culture to undergo rapid physiological and biochemical transformations. This has been the subject of several excellent reviews (50, 58). An active area of research is to relate the initial cation transport flux changes observed on exposure of such cells to various mitogenic or simulatory agents (such as growth factors) to cell activation (i.e., increased DNA and protein synthesis, metabolism, and cell division). There is a growing literature showing that amiloride-sensitive cation transport systems become activated or induced by these stimulatory agents. In 1978, Smith and Rozengurt (90) demonstrated that exposure of quiescent mouse fibroblast (Swiss 3T3) cells to serum more than doubles the rate of unidirectional zzNa+ uptake, which, in turn, stimulates the activity of the Na'-Kf-activated ATPase. Stimulation of this enzyme has been shown to be a necessary prerequisite for cell activation (50). It is not clear what component or components of serum are required for thisbincreased Na' entry, but growth factors, insulin, glucagon, and even vasopressin have been implicated (58). This increased Na' influx as a prelude to cell growth has also been shown to be necessary to initiate rat hepatocyte proliferation (54). Furthermore, amiloride (& = 20 PM) blocks the increased Na' influx and subsequent proliferation phase. to thrombin causes ich are triggered by an external Na'-dependent membrane depolarization (46). Amiloride in relatively high doses can block the cellular responses to these external stimuli, implying that these effecters initiate an increased membrane permeability to Na' through presumably amiloride-sensitive pathways.
More recently, Levenson et al. (59) showed that amiloride blocked the dimethyl sulfoxide-induced differentiation of erythroleukemic (Friend virus) cells while leaving unaffected cell proliferation rate. They suggest that an increase in cell Ca"' is the trigger for cell differentiation and that amiloride either directly or indirectly inhibits Ca" uptake by these cells. The idea that increases in intracellular Ca2+ are the signal for initiating the biosynthetic chain of events culminating in the formation of the differentiated state is not new (94). However, the idea that amiloride blocks a Na'-Ca"' antiport or Ca2+ channel in the plasma membrane is new. The Na' transport pathway activated in any of the different eukaryotic cell culture systems has not yet been elucidated. Speculations on the molecular mechanisms of these inducible transport systems is thus premature. With the relatively high amiloride concentration necessary to inhibit responses, it would appear likely that some sort of these Na+-proton exchange system may be present, However, measurements of amiloride-sensitive Na' uptake and acidification rates must be made.
One possible mechanism that may unify all the disparate exte data rnal just discussed stimulus, such is presented as a mitogen, in Fig. 3 . Some a volume perturbation, or growth factor may cause an increase in intracellular Ca2+ by acting directly on either a Ca" cation (Na'?) exchange mechanism or Ca"' channel in the plasma membrane. As intracellular Ca" rises, a Na+-H' exchange mechanism is turned on. This eventually will stimulate the Na' pumps, which, in turn, will adjust intracellular K' levels to regulate protein and DNA synthesis. Elevated intracellular Ca2* may also stimulate a H'-Ca2' antiport system in the mitochondria. The H' extruded from the mitochondria may act as an additional substrate for the membrane Nat-H+ pathways. Amiloride can block the Na'-H' exchange. If this system is inhibited by the drug, cytoplasmic pH would fall and the mitochondrial Ca'+-Ht exchanger would work in reverse and perhaps inhibit further Ca2+ entry from the outside. This proposed scheme makes many testable predictions. If correct, it would provide a common molecular basis for induced cellular responses, including fertilization, cell volume regulation, and growth and differentiation. Central to this scheme is the presence of an amiloride-sensitive Na'-H' exchange system. Several recent studies provide some support for various aspects of this model. Villereal (97), using human fibroblasts, and Parod and Putney (73), using isolated rat lacrimal gland cells, showed that an amiloride-sensitive Na-'-influx pathway is induced following exposure of the cells to either serum or epidermal growth factor (human fibroblasts) or carbachol (lacrimal cells). Further, Villereal showed that preloading the cells with Ca"+ using the ionophore A23187 in the absence of serum or growth factor also induced an amiloride-sensitive "Na+ influx. The Ki of the amiloride inhibition of the stimulated Na' influx was 100 PM, regardless of whether serum or the ionophore was used. A23187 also induced an increased Na' influx in the lacrimal gland cells, but unfortunately the sensitivity of this stimulated influx to amiloride was not tested. A comparable serum-induced, amiloride-sensitive Na' influx occurs in cultured mouse neuroblastoma cells (68). Moolenaar and co-workers (68) further showed from simultaneous microelectrode measurements that this induced ionic pathway was electroneutral. They suggest that an electroneutral Na'-H' exchange system is activated. However, as A23187 failed to activate any further Na' influx, they eliminated the possibility that increases in intracellular [Ca'] trigger this system. Nonetheless, these authors neither measured H' efflux nor assessed the effect of A23187 on cellular metabolism, so these results must be viewed with some caution.
Summary and Prospectus
The diuretic amiloride has both a natriuretic and antikaliuretic effect on the mammalian kidney. Although the tubular site of action of amiloride has been determined, its mechanism of inhibition has been most extensively studied in nonrenal epithelia, notably the isolated frog skin, toad bladder, and colonic preparations. With the advent of single renal tubule isqlation and perfusion techniques, the application and study of amiloride's mode of action to well-definedsenal segments has commenced (31, 72). One important difference between the apical membranes of the amphibian epithelium and mammalian renal distal and collecting tubules is that the latter have a finite potassium conductance. Nevertheless, amiloride selectively blocks the Na+ pathways; its Kf-sparing action results as as secondary consequence of apical membrane hyperpolarization. In most electrically high-resistance epithelia, amiloride works rapidly, reversibly, and with high affinity (Fig 4A) . In some systems amiloride and sodium are competitive, in others, noncompetitive or mixed. The charged form of amiloride appears to be the biologically active moiety, although this has not been evaluated in many systems.
Amiloride can also inhibit a Na+-proton exchange system found in some electrically leaky epithelia (e.g., proximal tubule) and cellular systems (Fig. 4B) . These Na+-H+ antiporters have been implicated as molecular triggers or signals for such important physiological processes as fertilization, cell growth and differentiation, volume regulation, and insulin action on glycolysis. More often than not, these transport systems are latent, i.e., they are functionally expressed only after the cell has been perturbed. Amiloride also works rapidly and reversibly to inhibit this exchange system, but much higher (one to two orders of magnitude) concentrations are required.
The scientific significance of such a drug as amiloride cannot be understated. The fact that a purely synthetic molecule can inhibit Na' transport in such a wide variety of cells and tissues underscores the ubiquity of this (or these) ion permeation processes( es). Amiloride may thus be used as a molecular probe for the ultimate understanding of many basic cellular functions.
An elucidation of the molecular aspects of Na' transport pathways is the goal of many laboratories. An understanding of amiloride's interaction with membrane transport components will surely lead to the design of more effective and more specific drugs. This work must proceed on both physiological and biochemical fronts. The application of tissue culture techniques to the study of amiloride-sensitive transport systems is one promising line of research (44, 81, 86, 93) . With the use of these
